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Abstract 
 
Multi-walled carbon nanotubes (MWCNT) were treated in five commonly used acidic media with 
different pKa values. The stability of the MWCNT was evaluated by using various characterization 
techniques. The results indicated that oxidative damage of MWCNT was not closely related to acid 
strength, and that the MWCNT was more sensitive to the oxidizing nature of the acid. The oxidation 
of highly oriented pyrolytic graphite (HOPG) by chemical oxidants in air has been investigated. The 
oxidation of HOPG top surface was carried out by treating with H2SO4/HNO3 mixture. The samples 
for oxidation were prepared by molding in polyethylene. To evaluate the effects of oxidants on surface 
of graphite various techniques have been applied to study the damage on surface of HOPG. As a result, 
the MWCNT treated with the strongest acid, trifluoromethanesulfonic acid (pKa = -15.9), only 
reached oxygen content of 1.8%, while nitric acid (pKa = -1.5)/sulfuric acid (pKa = -3.0) treated 
MWCNT showed oxygen content as high as 19% after 24 h treatment. The remaining acidic media 
did not noticeably increase the oxygen content of the MWCNT up to 24 h treatment. The oxidized 
HOPG surface reached its oxygen content of 20.9% after 4 days of treatment. The results are 
supported by gradual increase of the intensity of D-band in Raman spectra with respect to time. 
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Figure 1. Characterization of pristine MWCNT. (a) X-ray diffraction pattern; (b) Raman spectrum; (c) 
SEM image. Scale bar is 1 μm; (d) TEM image. 
 
Figure 2.. CF3SO3H-treated MWCNT. (a) TGA thermograms obtained with ramping rate of 10 °C/min 
in air; (b) FT-IR spectra (KBr pellet); (c) Raman spectra; (d) XPS spectra. 
 
Figure 3. MWCNT treated with CF3SO3H for 24 h at 100 °C. (a) SEM image. Scale bar is 1 μm; (b) 
HR-TEM image. The white arrow indicates an entrapped metallic particle. 
 
Figure 4. H2SO4-treated MWCNT. (a) TGA thermograms obtained with ramping rate of 10 °C/min in 
air; (b) FT-IR spectra (KBr pellet); (c) Raman spectra; (d) XPS spectra. 
 
Figure 5. MWCNT treated with H2SO4 for 24 h at 100 °C. (a) SEM image. Scale bar is 1 μm; (b) TEM 
image. The white arrows indicate a carbonaceous coating covering the 24 h H2SO4-treated MWCNT. 
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after 1 h treatment; (e) TEM image after 12 h treatment; (f) TEM image after 12h treatment.  
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Figure 12. PPA/P2O5-treated MWCNT at 100 °C. (a) SEM image after 24 h treatment. Scale bar is 1 
μm; (b) TEM image after 24 h treatment.  
 
Figure 13. Characterization of pristine HOPG. (a) Micro-Raman spectrum; (b) XPS spectrum; (c) C 1s 
peak and (d) O 1s peak; (e) Cross sectional TEM image and interlayer distance (Inset). 
 
Figure 14. XPS spectra of oxidized HOPG (a) full spectra; O 1s peak (a) 1 day; (c) 2 day; (d) 3 day; 
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band with respect to treatment time. 
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I. Introduction 
 
Carbon nanotubes (CNT) display excellent mechanical, electrical, thermal, and magnetic properties 1-2. 
However, the outcomes to date after more than two decades of intensive researches on CNT remain 
unsatisfactory 3. In particular, two intrinsic limitations have been identified: high purity synthesis 4 
and uniform dispersion 5. In order to exploit the outstanding properties of CNT, purification and 
dispersion without damaging their frameworks are prerequisites. However, it has thus far proved 
extremely challenging to purify and disperse them into desired matrices such as solvents 6, polymers 7 
and other inorganic media 8 without scarifying their structural integrity. Purification and 
functionalization of CNT are hence required prior to achieving uniform dispersion 9. However, they 
are known to be chemically inert against common chemical reactions. As a result, purification and 
functionalization in harsh reaction conditions via chemical 10-11, physical 12-13 or combined approaches 
14 is inevitable to provide improved affinity to the corresponding matrix. Notably, nitric acid (HNO3) 
15-16, sulfuric acid (H2SO4) 
17, and HNO3/H2SO4 mixtures 
18-19 are commonly used reaction media for 
purification and functionalization. Other reported acids such as trifluoromethanesulfonic acid 
(CF3SO3H) 
20, polyphosphoric acid (PPA) 21, and polyphosphoric acid with phosphorus pentoxide 
(PPA/P2O5) 
22-24 are also often used media. There have, however, been few systematic studies on acid 
strengths and CNT structural stability 25.  
Graphite, as a source of graphene 26, has attracted the intensive interest due to its unique two-
dimensional nature and physical properties such as high intrinsic carrier mobility (~200,000 cm2/V.s)27 
mechanical strength, elasticity, superior thermal conductivity and Young’s modulus (~1100 GPa)28-30. 
The great attention to the graphene was given because of its proved and predicted applications in the 
field of microelectronic and composite materials 26, 31-34; its incorporation marvelously enhances the 
electrical, physical and barrier properties of polymer at a very low concentration 35-43. For some of the 
potential applications of graphite, exfoliation and inertness presents a huge challenge when it comes 
to materials preparation.  The chemical oxidation of graphite gained a lot of attention in an attempt 
to make it more processable and chemically reactive 44. Typically, through the treatment of graphite 
with sulfuric and nitric acid have been found to decorate the graphitic surface with oxygen containing 
groups, mainly carboxyl and hydroxyl groups, creating damages on the basal plan 45. The presence of 
oxygen containing functionalities facilitates the exfoliation of graphite into graphene and increases the 
dispersibility of the in polar solvents 46. The process in turn affects the processing of graphite and 
increases the possibility of further modification or functionalization depending on the situation 47. 
Keeping in mind the utility of graphene as reinforcement agent in composite materials 48 the 
incorporation of oxygen containing functionalities onto the graphitic surface is crucial for the 
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enhancement of interfacial adhesion. As a result, the unique mechanical and electrical properties of 
the graphene can be transferred to hybrid materials 49.   
In this study, first of all we report on the relationship between the strength of commonly used acids 
and the stability of multi-walled carbon nanotubes (MWCNT) with respect to treating time. The 
degree of MWCNT damage has been studied by using such as elemental (EA) and thermogravimetric 
analyses (TGA), Fourier-transform infrared (FT-IR) and Raman spectroscopy, X-ray photoelectron 
spectroscopy (XPS), X-ray diffraction (XRD), field-emission scanning electron microscopy (FE-
SEM), and high-resolution transmission electron microscopy (HR-TEM). The results could also be 
extended to chemical treatment of other carbon allotropes such as graphite and graphene. The findings 
of this work can suggest general guidelines for ensuring the stability of carbon based nanomaterials 
against acid treatments. The creation of defects, which deteriorate the outstanding properties of CNT, 
could then be minimized by appropriately controlling the critical parameter of treatment time. 
Second study is that the effects of the commonly used acids oxidation and surface morphology 45  
have been studies but not in a systematic manner. On the other hand, there is very little literature is 
available on the depth of structural alteration of graphite under acidic condition with respect to time. 
In the present report, we perform a systematic study of the chemical oxidation of the top surface of 
highly oriented pyrolytic graphite (HOPG) molded in polyethylene treated by sulfuric acid and nitric 
acid mixture at 100 ºC for different time durations. The results obtained from treated HOPGs were 
compared with the pristine HOPG. Oxidized HOPG with different time durations were tested by X-ray 
photoelectron spectroscopy in order to quantify the nature of oxygen present on the graphite surface. 
The characterization was supported by other techniques e.g., Raman spectroscopy, transmission 
electron microscopy (TEM). TEM was used to show the depth of the damage with different time 
duration at constant temperature. The TEM samples were prepared by FIB techniques, cutting the 
samples vertically and transferring on the TEM grid.
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II. Experiment 
 
2.1 Materials 
 
MWCNT (CVD MWCNT 95 with diameter of 20 nm and length of 10–50 μm) was obtained from 
Hanhwa Nanotech, Seoul, Korea. Highly oriented pyrolytic graphite (HOPG) was obtained from Alfa 
Aesar. Sulfuric acid (H2SO4, 95%) and nitric acid (HNO3, 60%) were obtained from Oriental 
Chemical Inc, Seoul, Korea. Trifluoromethanesulfonic acid (CF3SO3H, 98%), polyphosphoric acid 
(PPA, 83% assay), and phosphorus pentoxide (P2O5, 98%) were purchased from Aldrich Chemical Inc. 
 
2.2 Instrumentations 
 
An EA was performed with a CE Instruments EA1110. Element contents are average values of three 
measurements. A TGA was conducted in an air atmosphere with a heating rate of 10oC/min with a TA 
Q200. FT-IR spectra were recorded on a Jasco FT-IR 480 Plus spectrophotometer. Solid samples 
were imbedded in KBr disks. A XPS analysis was carried out on a Thermo Fisher K-alpha employing 
monochromatic Al Ka radiation as the X-ray source. Raman spectra were taken with a He–Ne laser 
(532 nm, 0.5 mW) as the excitation source by using combined atomic force microscopy (AFM) and 
confocal Raman microscopy (Alpha 300S, WITec, Germany). XRD powder patterns were recorded 
with a Rigaku RU-200 diffractometer using Ni-filtered Cu Ka radiation (40 kV, 100 mA, k = 0.15418 
nm). FE-SEM used in this work was performed with an FEI NanoSem 230. HR-TEM in this work 
was performed using a JEOL JEM-2100F operated at 200 kV. Additional preparation of a sample for 
transmission electron microscopy (TEM) was carried out using dual-beam focused ion beam (Quanta 
3D FEG, USA), equipped with a Ga+ focused ion- beam (FIB) source operating at 30 keV. The FIB 
was used to mill cross-section trenches at a moderate beam current (g1 nA), followed by polishing of 
the trench face at lower currents (50 pA~7.0 nA). 
 
2.3 Acid treatments of MWCNT in CF3SO3H, H2SO4, HNO3/H2SO4, PPA, PPA/ P2O5 
 
MWCNT (1 wt% to acids) was charged in a reaction flask equipped with a mechanical stirrer and a 
nitrogen inlet and outlet. Corresponding acids, CF3SO3H (40 g), H2SO4 (200 ml), HNO3 (55 
ml)/H2SO4 (100 ml), PPA (80 g) or PPA (80g)/P2O5 (20g), were added to the flask. In the case of 
HNO3/H2SO4, the acid was added very slowly mixed to control the generated heat. The reaction flask 
was immersed in an oil bath and gently heated to 100 °C. To monitor the reaction progress, each 
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reaction mixture was sampled at 1 h, 2 h, 4 h, 12 h, and 24 h. All samples were precipitated in water, 
collected by suction filtration, washed with distilled water, and Soxhlet-extracted with water for three 
days and methanol for three days. Finally, they were freeze-dried for 24h under reduced pressure 
(0.05 mmHg). 
 
2.4 Acid treatments of HOPG in HNO3/H2SO4 
 
HOPG was used as starting materials. To expose top surface, the HOPG (1x1x1mm) four pieces were 
molding in polyethylene respectively. It was charged in a reaction flask with magnetic stirrer, nitrogen 
atmosphere. H2SO4 (25ml)/HNO3 (14ml) were slowly mixed to control heat generated. The reaction 
flask was heated to 100 °C for 1day, 2day, 3day and 4day (scheme 2). These four samples were 
washed with distilled water and methanol. Finally, they were dried in oven. 
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III. Results and discussion 
 
3.1 MWCNT in Acids 
 
3.1.1 Acid treatments of MWCNT 
As described in the literature, MWCNT is commonly treated in acids such as CF3SO3H 
20, H2SO4 
17, 
HNO3/H2SO4 
18-19, PPA 21, and PPA/P2O5 
22-24. In order to correlate MWCNT stability and acid 
strength, pKa values of the acids are summarized in Table 1. The order of acidity is CF3SO3H > 
H2SO4 > HNO3
 > PPA. The acid strengths should be closely related to corrosiveness, and thus a 
stronger acid is expected to induce more damage to the MWCNT. 
The purification and functionalization of CNT have long been studied, but the first systematic study 
on different oxidative treatments of MWCNT was only recently reported 50. In the present work, 
MWCNT was treated in five different acidic media at given treatment conditions to systematically 
study the relationship between acid strength and corrosiveness (see Experimental section). To 
minimize unexpected experimental variables, all samples were carefully treated under very similar 
conditions and carefully worked-up following the procedures described in the Experimental section. 
Table 2 summarizes the EA data. For reference, the CHNO contents of pristine MWCNT are 94.95%, 
0.12%, 0%, and 0.59%, respectively. The C content, which should be 100% for ideal MWCNT 
without defects, is 5.05% less than the theoretically calculated value. Total CHNO content is 95.7%, 
which is approximately 4.3% less than the anticipated value. The discrepancy is attributed to residual 
catalysts used for the MWCNT synthesis. The catalytic impurities were observed by x-ray diffraction 
(Figure. 1a). In addition, it is noteworthy that pristine MWCNT also contains 0.12% of H, which is 
believed to have originated from sp2C-H in defects. They also contain 0.59% of O, indicating that 
oxygenated defects such as carboxylic acid, hydroxyls, epoxy, and physically absorbed oxygen may 
also be present 51. The overall oxygen to carbon (O/C) ratio is 1/1054. The presence of defects was 
further confirmed by the Raman spectrum (Figure. 1b), which displayed a strong D band at 1353 cm-1 
along with a G band at 1582 cm-1. The ratio of the Raman D and G band intensities (ID/IG) is 1.13, 
indicating the presence of some defects. The SEM image shows that the pristine MWCNT has clean 
and smooth surfaces (Figure. 1c). The HR-TEM image also reveals clear stripes, which are due to 
high crystallinity without substantial carbonaceous impurity deposits (Figure. 1d).
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Table 1. List of used acids and their pKa values 
Acid pKa 
CF3SO3H −15.9 
H2SO4 ~−3.0 
HNO3 −1.5 
PPA ~2.1 
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Scheme 1. Multi-walled carbon nanotubes (MWCNT) were treated in commonly used acids.
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Table 2. Elemental analysis results for CF3SO3H-, H2SO4-, HNO3/H2SO4-, PPA-, PPA/P2O5-
treated MWCNT 
Sample 
Treatment 
Time 
Elemental Analysis 
C (%) H (%) N (%) O (%) SUM 
Pristine MWCNT 0 
Calcd. 100 0 0 0 100 
Found 94.95 0.12 0 0.59 95.66 
MWCNT-CF3SO3H 
1h Found 96.24 0.18 0 0.92 97.34 
2h Found 96.63 0.14 0 0.86 97.63 
4h Found 96.30 0.19 0 0.99 97.48 
12h Found 96.47 0.20 0 0.98 97.65 
24h Found 95.38 0.57 0 1.75 97.70 
MWCNT-H2SO4 
1h Found 97.38 0.08 0 0.71 98.17 
2h Found 97.50 0.10 0 0.67 98.27 
4h Found 97.35 0.16 0 0.73 98.24 
12h Found 98.12 0.10 0 0.93 99.15 
24h Found 98.40 0.38 0 0.79 99.57 
MWCNT-HNO3/H2SO4 
1h Found 87.25 0.71 0.17 7.26 95.39 
2h Found 86.70 0.53 0.18 10.58 97.99 
4h Found 83.68 0.39 0.19 10.69 94.95 
12h Found 81.58 0.81 0.35 13.34 96.08 
24h Found 74.05 1.34 0.30 19.14 94.83 
MWCNT-PPA 
1h Found 97.44 0.16 0 0.66 98.26 
2h Found 97.15 0.13 0 0.70 97.98 
4h Found 97.26 0.13 0 0.71 98.10 
12h Found 97.32 0.11 0 0.69 98.12 
24h Found 97.06 0.17 0 0.74 97.97 
MWCNT-PPA/P2O5 
1h Found 97.90 0.12 0 0.64 98.66 
2h Found 97.64 0.12 0 0.58 98.34 
4h Found 97.58 0.17 0 0.64 98.39 
12h Found 97.73 0.13 0 0.58 98.44 
24h Found 97.69 0.12 0 0.59 98.40 
 
９ 
 
 
 
 
 
 
 
 
Figure 1. Characterization of pristine MWCNT. (a) X-ray diffraction pattern; (b) Raman 
spectrum; (c) SEM image. Scale bar is 1 μm; (d) TEM image. 
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3.1.2 Trifluoromethanesulfonic acid (CF3SO3H) treatment of MWCNT 
 
CF3SO3H, also called triflic acid (its conjugate base, CF3SO3
-, called triflate) and the strongest acid 
among the tested acids (see Table 1), qualifies as a superacid and owns many of its useful properties 
to its outstanding thermal and chemical stability 52. While many strong acids such as perchloric acid  
(HClO4, pKa = ~-8.0) and HNO3 (vide infra) are known to be strong oxidizing agents, CF3SO3H and 
CF3SO3
- are stable against oxidation/reduction reactions 52. In addition, sulfonic acids (R-SO3H) 
including H2SO4, fluorosulfuric acid (FSO3H) and chlorosulfuric acid (ClSO3H) are prone to sulfo 
nate substrates, whereas CF3SO3H is not reactive enough for the sulfonation of substrates 
53. Thus, 
CF3SO3H is open recommended acidic medium for organic reaction. From the EA, the C content of 
the CF3SO3H-treated MWCNT was increased to 96.63% after 2 h treatment and remained almost 
constant up to 12 h-treatment (Table 2). However, the C content decreased with increasing H and O 
content at 24 h treatment. As a result, it can be expected that treatment of MWCNT in CF3SO3H for 
more than 12 h initiates the creation of oxygenated defects. TGA is a convenient tool to obtain 
quantitative information on the thermooxidative stabilities of materials 51. The pristine MWCNT 
shows no noticeable weight loss up to 600 °C in air (Figure. 2a). The char yield at 800 °C, which is an 
indication of residual metallic (catalytic) impurities, is 4.1 wt.% (see Figure. S1 in Electronic 
Supplementary Information (ESI)). The char yields of all CF3SO3H-treated samples were decreased to 
approximately 2.2 wt.% (Figure. 2a, yellow circle), indicating that CF3SO3H treatment cannot 
completely remove metallic impurities presenting in the system. The results indicate that CF3SO3H is 
a strong acid but not corrosive enough to open MWCNT walls. Metallic impurities persisting on the 
surface of the MWCNT could be etched off, while entrapped catalyst particles could not be removed. 
The stabilities of the CF3SO3H-treated samples remained almost constant up to 600 °C, when 
treatment times at given conditions were less than 12 h. On the other hand, the 24 h-treated MWCNT 
lost weight starting at around 300 °C, indicating that some parts of the graphitic structures were 
damaged. The results agreed well with the EA results (see Table 2). Hence, CF3SO3H treatment 
shorter than 12 h is safe in terms of not oxidizing MWCNT, whereas damage to the outer walls of the 
nanotubes occurs with treatment exceeding 12 h. FT-IR and Raman spectra clearly show the 
differences between treatment shorter and longer than 12 h. The peak intensity at around 2920 cm-1 
(Figure. 2b), which was attributed to sp2C–H and sp3C–H, was increased drastically. For the samples 
treated for less than 24 h, the ID/IG ratios were in a range of 0.99–1.08 (Figure. 2c and Table 3). The 
values were less than that of pristine MWCNT (1.13, Figure. 1b), suggesting that some defects had 
been created. Furthermore, the XPS spectra confirmed that oxygenated defects were introduced, as 
indicated by the noticeable intensity of the O 1s peak for the 24 h-treated sample (Figure. 2d). High-
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resolution XPS C 1s and O 1s spectra, together with the curve fitting, given in Figures. S2 and S3 
show that the C 1s and O 1s components in CF3SO3H-treated samples come dominantly from 
graphitic C–C at around 284.3 and C–OH at around 532.3 eV, respectively.  
The SEM image obtained from the 24h CF3SO3H-treated sample shows similar morphology to that 
of the pristine MWCNT (Figure. 3a), implying that CF3SO3H treatment does not seriously damage the 
MWCNT framework. The overall length and surface smoothness did not differ from those of the 
pristine MWCNT. Furthermore, an entrapped metallic particle is clearly observed in the HR-TEM 
image (Figure. 3b). This result is well corroborated by the TGA results, supporting that CF3SO3H is 
indeed strong enough to etch off metallic impurities at the exterior of the MWCNT but not so 
corrosive as to completely open the MWCNT walls, as seen at 24h. Thus, it can be concluded that 
CF3SO3H is a safe and strong acid that can be used for the purification and functionalization of 
MWCNT in 12 h treatment at elevated temperature.
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Figure 2. CF3SO3H-treated MWCNT. (a) TGA thermograms obtained with ramping rate of 
10 °C/min in air; (b) FT-IR spectra (KBr pellet); (c) Raman spectra; (d) XPS spectra. 
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Figure 3. MWCNT treated with CF3SO3H for 24 h at 100 °C. (a) SEM image. Scale bar is 1 μm; 
(b) HR-TEM image. The white arrow indicates an entrapped metallic particle. 
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3.1.3 Sulfuric acid (H2SO4) treatment of MWCNT 
 
After the MWCNT was treated in H2SO4, the C content was significantly increased, by as much as 
98.40%, with a negligible increase in O content after 24 h treatment (Table 2). Similar to the 
CF3SO3H treatment, the EA results indicate that H2SO4 can also selectively remove metallic 
impurities without further creating oxygenated defects. In addition, the total CHNO content reaches as 
high as 99.57% after 24 h treatment. Ultra-high purity with almost no persisting metallic impurities 
could be achieved in the H2SO4-treated MWCNT.  
TGA thermograms show that all H2SO4-treated samples have very similar thermooxidative stabilities, 
displaying no noticeable weight loss up to 600 °C in air (Figure. 4a). The char yields at 800 °C of the 
H2SO4-treated samples were in a range of 0-2.5% (Figure. S1b in ESI). Regardless of treatment times 
at the given conditions, the stabilities of the H2SO4-treated samples remained almost constant up to 
600 °C. Correlating with the EA results (see Table 2), it is noteworthy that H2SO4 treatment does not 
oxidize MWCNT up to 24 h but almost completely removed metallic impurities present in the system. 
Thus, it should not be premature to conclude that H2SO4 itself (without presence of HNO3) is a safe 
medium for the purification and functionalization of MWCNT.  
Nevertheless, as observed in H2SO4 intercalated graphite 
54, H2SO4 can intercalate MWCNT through 
intrinsic sidewall defects. Thus, H2SO4 intercalation may possibly increase defect dimensions. Hence, 
it was expected that the increased sp2C-H and sp3C-H defects would be observed by a FT-IR analysis 
(Figure. 4b). Indeed, the increased peak intensities around 2920 cm-1 in all cases are an indication of 
these defects, as reported in the literature 55. Possible scenarios are as follows: (1) defect dimensions 
increased by defect etching; and (2) sulfonation to the sp2C-H 24. On the basis of the EA (Table 2) and 
TGA (Figure. 4a) results from the 24 h H2SO4-treated sample, the total CHNO content approaches 
almost 100% and the char yield at 800 °C approached 0%, respectively. The results support that 
H2SO4 intercalation into the inner walls could completely remove the metallic particles inside the 
MWCNT.  In addition, possible sulfonation onto the surface of the MWCNT cannot account for the 
increased sp2C-H and sp3C-H peak intensities. The ID/IG ratios of all H2SO4-treated samples remain 
constant at 0.83 (Figure. 4c) and are lower than that of pristine MWCNT (see Figure. 1b). The results 
further indicate that the first scenario is more likely. There are no further increases in the defect ratio 
but the defect dimensions change with sulfuric acid treatment. Furthermore, from the XPS results, no 
noticeable O 1s peak is detected for any of the H2SO4-treated samples, thus excluding the possibility 
of sulfonation (Figure. 4d). 
 Similar to the case of the 24 h CF3SO3H-treated MWCNT (see Figure. 3), the SEM image obtained 
for the 24 h H2SO4-treated MWCNT shows a clean and smooth surface morphology (Figure. 5a). 
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However, TEM image reveals that the outer few layers have undergone noticeable damage. This 
agrees well with the first scenario on the basis of the TGA (Figure. 4a), FT-IR (Figure. 4b), Raman 
(Figure. 4c), and XPS (Figure. 4d) results. In addition, entrapped metallic nanoparticles are not 
observed for the 24 h H2SO4-treated sample. 
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Figure 4. H2SO4-treated MWCNT. (a) TGA thermograms obtained with ramping rate of 
10 °C/min in air; (b) FT-IR spectra (KBr pellet); (c) Raman spectra; (d) XPS spectra. 
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Figure 5. MWCNT treated with H2SO4 for 24 h at 100 °C. (a) SEM image. Scale bar is 1 μm; (b) 
TEM image. The white arrows indicate a carbonaceous coating covering the 24 h H2SO4-treated 
MWCNT. 
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3.1.4 Nitric acid (HNO3)/sulfuric acid (H2SO4) mixture treatment of MWCNT 
 
When H2SO4 contained HNO3, which is known to be a strong oxidizing agent, the C content was 
drastically decreased to as low as 74.05% after 24 h treatment (Table 2). Accordingly, the O content 
was drastically increased to 19.14%. The O/C ratio approached a level as high as 1/5. Considering the 
average number of walls (~10) of MWCNT, there are more than enough oxygenated groups to 
completely cover the outermost surface. On the basis of the gradual increase of O content from 7.26 to 
19.14% with respect to treatment time, the predicted scenario is that the graphitic walls will be 
gradually oxidized, starting from the surface as treatment time increased. Furthermore, the 
HNO3/H2SO4-treated MWCNT shows N content as high as 0.35%, which must be related to nitration 
via the electrophilic substitution reaction between sp2C-H and NO2
- generated in the HNO3/H2SO4 
mixture 56. Thus, the HNO3/H2SO4 treatment is expected to introduce a significant number of 
oxygenated defects as well as a few NO2 groups onto the MWCNT framework. The chemistry is 
identical to the oxidation of graphite into graphite oxide 57, and thus CNT should turn into CNT-
oxides upon treatment in HNO3/H2SO4. CNT have greater bond strain than graphite, and thus its 
reactivity must be higher 58. The oxidative treatment of CNT in HNO3/H2SO4 medium may destroy 
the well-defined crystalline structure of the nanotubes. Therefore, most of the valuable properties such 
as structural integrity and thermal and electrical conductivities may not be preserved in the CNT-
oxides. HNO3/H2SO4 treatment to transform graphite into graphite oxide is a commonly used method 
for the exfoliation of graphite oxide into graphene-oxide 34. Hence, chemical and/or thermal reduction 
of graphene-oxide is necessary to restore the graphitic structure via chemical 48, thermal 59 and/or 
combined reduction 60. The same oxidative treatment has been commonly applied for the purification 
and functionalization of CNT, but no efforts have been devoted to restoring the graphitic structure.  
In contrast with the results of other acid treatments, TGA thermograms obtained from HNO3/H2SO4-
treated samples clearly show significant weight losses at much lower temperature than pristine 
MWCNT (Figure. 6a). This is a strong indication that significant oxidation has occurred with respect 
to HNO3/H2SO4 treatment time. This correlates well with the EA results (see Table 2). Furthermore, 
the metallic residue at 800 °C approached 0% after 2 h treatment (see Figure. S1c), which is an 
indication of destructive intercalation of HNO3/H2SO4 inside the nanotubes. The oxidation was further 
confirmed by the FT-IR spectra (Figure. 6b). The intensity of carbonyl (C=O) stretching at 1726 cm-1, 
which is the carbonyl in carboxylic acid, gradually increased with respect to treatment time. The ID/IG 
ratios of HNO3/H2SO4-treated samples also increased from 0.93 to 1.71 as treatment time was 
increased (Figure. 6c), further verifying oxidation in HNO3/H2SO4. Furthermore, the O 1s peak 
intensity, from the XPS analysis, gradually increased accordingly (Figure. 6d). Overall data from EA, 
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TGA, FT-IR, Raman, and XPS analyses suggest that oxidative damage to the MWCNT framework is 
responsible for structural defects. High-resolution XPS C 1s and O 1s spectra are presented in Figs. 
S4 and S5 show that the C 1s and O 1s components in HNO3/H2SO4-treated samples come C–OH 
(hydroxyl), C–O–C (epoxy) and O=C–OH (carboxyl), in good consistence with the FT-IR results (see 
Fig. 6b). The detailed HNO3 properties are delineated in ESI. 
 To further visually confirm the structural defects, SEM images were obtained from the samples 
treated for 1, 12, and 24 h. The surface of the MWCNT appears to be seriously damaged even after 1 
h treatment (Figure. 7a), showing a puffy surface and relatively much shorter tube length. As 
treatment time was increased, the tube length becomes shorter (Figure. 7b). At 24 h treatment, a 
mixture of short tubes and carbonaceous particles is apparently formed (Figure. 7c). Thus, treatment 
with HNO3/H2SO4 results in many intractable chemical reactions such as bond breaking, sidewall 
opening, and rupture. The damage could also be clearly observed by HR-TEM. The structural damage 
started from the outer walls and propagated to the inner walls. The carbonaceous coating becomes 
thicker as the treatment time becomes longer. The average thickness of the outer amorphous coating is 
approximately 50% at 1h treatment (Figure. 7d) and it becomes almost 70% at 12 h treatment (Figure. 
7e). Finally, more than 90% of the graphitic MWCNT walls are converted into an amorphous 
carbonaceous coating after 24 h treatment (Figure. 7f). 
The peak maxima around 26°, which is related to the wall-to-wall distance of the MWCNT, are 
gradually shifted to a lower angle with respect to HNO3/H2SO4 treatment time (Figures 8a and 8b).  
The results indicate that the wall-to-wall spacing is increased due to oxidation (Figure. 8b, inset), 
which introduces various oxygenated groups such as hydroxyls, epoxy, carboxylic acid, etc 61.  
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Figure 6. HNO3/H2SO4-treated MWCNT. (a) TGA thermograms obtained with a ramping rate 
of 10 °C/min in air; (b) FT-IR spectra (KBr pellet); (c) Raman spectra; (d) XPS spectra. 
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Figure 7. MWCNT treated with HNO3/H2SO4 at 100 °C. (a) SEM image after 1 h treatment; (b) 
SEM image after 12 h treatment; (c) SEM image after 24 h treatment. Scale bars are 1 μm; (d) 
TEM image after 1 h treatment; (e) TEM image after 12 h treatment; (f) TEM image after 12h 
treatment.  
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Figure 8. (a) X-ray diffraction patterns of HNO3/H2SO4-treated MWCNT with respect to 
treatment time; (b) two theta changes as a function of treatment time. Inset is d-spacing changes. 
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3.1.5 Polyphosphoric acid (PPA) treatment of MWCNT 
 
PPA is a polymeric form of phosphoric acid (H3PO4, pKa ~2.15) and it is the weakest acid among the 
tested acids. Commer cial grade PPA contains 83–84 wt.% of P2O5 assay and is commonly used in the 
organic synthesis for cyclizations such as imidazole, oxazole, and thiazole formation 62. With addi 
tional P2O5 (approximately 25 wt.%), commercially grade PPA is very useful for realizing a Friedel–
Crafts acylation reaction medium 23,63. The PPA-treated MWCNT shows increased C content (as much 
as 97.44% after 1 h) and its content remained constant for 24 h. The overall CHNO content reaches 
approximately 97.5% and the residual 2.5% is believed to be related to entrapped-metallic particles 
(see Figure. S1d) that could not be removed (Table 2). Thus, PPA is not so corrosive as to damage the 
MWCNT and can selectively remove persisting metallic residues on the nanotube surface.  
Due to PPA being a mild and non-destructive acid, it does not damage the CNT framework; the TGA 
thermograms obtained from the PPA-treated MWCNT samples show that the thermooxidative 
stability is similar to that of pristine MWNCTs (Figure. 9a). The stabilities of PPA-treated samples 
remained the same up to 600 °C. The char yields of all PPA treated samples decreased to 
approximately 2.0 wt.% (Figure. 9a, yellow circle, and Figure. S1d). Unlike CF3SO3H, PPA is a mild 
acid and not corrosive enough to open MWCNT walls. Nevertheless, as indicated by the EA results, 
PPA could etch off metallic impurities present on the surface of the MWCNT, whereas it could not 
remove entrapped metallic catalyst particles. The key difference between the strongest acid, 
 CF3SO3H, and the weakest acid, PPA, is the oxygen content at 24 h treatment (see Table 2). PPA 
does not oxidize even at 24 h treatment, whereas CF3SO3H does. Together with H2SO4, PPA is indeed 
a non-destructive acid for the purification and functionalization of MWCNT.  
FT-IR spectra clearly show the non-reactive nature of PPA. All spectra appear to be the same without 
new peak(s) and intensity changes (Figure. 9b). In the case of H2SO4 treatment, the peak intensity 
around 2920 cm-1, which is assignable to sp2C–H and sp3C–H, increased drastically, possibly due to 
sulfonation (see Figure. 2b). Nevertheless, the ratios of the ID/IG intensities gradually increased as the 
treatment time became longer. For the samples that underwent less than 4 h treatment, ID/IG ratios 
were in a range of 1.06–1.09 (Figure. 9c and Table 3), which were less than that of pristine MWCNT 
(1.13, see Figure. 1b). On the other hand, the ratios of the 12 and 24 h-treated samples increased to 
1.14 and 1.20, respectively, suggesting that some defects had been created at the longer treatment 
times. However, possible defects are not related to oxidation, because XPS spectra show that no O 1s 
peaks appeared in any of the samples (Figure. 9d).  
SEM image obtained from the 24 h PPA-treated sample shows a similar morphology to that of 
pristine MWCNT (Figure. 1c), indicating that PPA treatment does not critically damage the MWCNT 
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framework. The overall length and surface smoothness were not altered relative to those of pristine 
MWCNT. Furthermore, an entrapped metallic particle can be clearly observed in the HR-TEM image 
(Figure. 10b, white arrow). 
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Figure 9. PPA-treated MWCNT. (a) TGA thermograms obtained with a ramping rate of 
10 °C/min in air; (b) FT-IR spectra (KBr pellet); (c) Raman spectra; (d) XPS spectra. 
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Figure 10. PPA-treated MWCNT at 100 °C. (a) SEM image after 24h treatment. Scale bar is 1 
μm; (b) TEM image after 24h treatment; (c) TEM image after 24h treatment.  
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3.1.6 Polyphosphoric acid (PPA)/phosphorous pentoxide (P2O5) mixture treatment of MWCNT 
 
By adding additional P2O5 to PPA (PPA/P2O5), the medium was optimized for the Friedel-Crafts 
acylation reaction. The reaction condition is optimized for the selective functionalization via Friedel-
Crafts acylation of the sp2C-H defects on carbon-based materials and is superior to any other reported 
methods 64. Thus, it is necessary to evaluate stability of MWCNT in PPA/P2O5. Commercial PPA 
contains 83-84% P2O5 assay and the remaining 16-17% is water. Adding additional P2O5 increases 
acidity by the reaction between P2O5 and water results in increased molecular weight of PPA, and thus 
the amount of water is reduced. Due to increased acidity, PPA/P2O5-treated samples show overall 
higher C content compared to the PPA-treated samples (Table 2). The H and O content respectively 
remain the same regardless of treatment time, implying that the medium is still non-oxidative. Thus, 
PPA and PPA/P2O5 are mild reaction media for purification and functionalization of MWCNT. 
The thermooxidative stabilities of PPA/P2O5-treated samples were almost identical to that of pristine 
MWCNT (Figure. 11a). The results suggest that a slight increase in acidity does not affect the non-
destructive nature of PPA, which is a mild and non-oxidative acid. As a result, PPA/P2O5 does not 
damage the CNT framework. The char yields of all PPA/P2O5-treated samples were decreased to 
approximately 1.5 wt% (Figure. 11a, yellow circle, and Figure. S1e), which is lower than those of 
PPA-treated samples (see Figure. 9a), because PPA/P2O5 has stronger acidity than PPA. However, it is 
not corrosive enough to remove the entrapped metallic particles inside the nanotubes.  
Similar to PPA-treated samples, FT-IR spectra of PPA/P2O5-treated samples clearly show no 
additional peak(s) appeared after 24 h treatment (Figure. 11b). Furthermore, the ratios of the ID/IG 
intensities were slightly increased as the treatment time became longer (Figure. 11c), but the values in 
all cases remain lower than that of pristine MWCNT (0.93, see Figure. 1b) and the overall values are 
lower than those of PPA-treated samples. The results suggest that the PPA/P2O5 medium is safe for the 
purification and powerful enough for functionalization via the Friedel-Crafts acylation reaction. In 
addition to the Raman results, XPS spectra show that negligible O 1s peaks appeared from the 12 and 
24 h treated samples (Figure. 11d), suggesting that the PPA/P2O5 mixture is still a benign medium. 
The SEM image obtained from the 24 h PPA/P2O5-treated sample reveals a similar morphology to that 
of pristine MWCNT (see Figure. 1c) and PPA-treated MWCNT (Figure. 10a), respectively, indicating 
that PPA/P2O5 treatment does not seriously damage the MWCNT framework for 24 h at the given 
conditions. The overall tube length and surface smoothness were not noticeably altered relative to 
those of pristine MWCNT (Figure. 1c). Similar to the PPA-treated MWCNT (Figure. 10a), minor 
surface damage could be observed from the HR-TEM image (Figure. 12b), but the degree of damage 
appears to be less than that with PPA treatment (Figure. 10a). 
２８ 
 
 
 
 
 
 
 
 
Figure 11. PPA/P2O5-treated MWCNT. (a) TGA thermograms obtained with a ramping rate of 
10 °C/min in air; (b) FT-IR spectra (KBr pellet); (c) Raman spectra; (d) XPS spectra.
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Figure 12. PPA/P2O5-treated MWCNT at 100 °C. (a) SEM image after 24 h treatment. Scale bar 
is 1 μm; (b) TEM image after 24 h treatment.  
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Table 3. Raman G and D values of acid-treated MWCNT  
Acid 
Treating Time 
(h) 
G (cm-1) D (cm-1) ID/IG 
CF3SO3H 
1 1572.02 1338.90 0.75 
2 1572.02 1338.90 0.87 
4 1576.05 1338.90 0.89 
12 1576.05 1334.75 0.92 
24 1572.02 1338.90 1.02 
H2SO4 
1 1572.19 1339.08 0.83 
2 1572.19 1339.08 0.83 
4 1568.16 1339.08 0.83 
12 1572.19 1339.08 0.83 
24 1572.19 1330.77 0.83 
HNO3/H2SO4 
1 1563.95 1334.75 0.93 
2 1572.02 1338.90 1.08 
4 1576.06 1338.90 1.35 
12 1580.07 1338.90 1.42 
24 1573.43 1332.01 1.71 
PPA 
1 1573.43 1336.16 0.73 
2 1573.43 1340.31 0.86 
4 1569.40 1340.31 0.87 
12 1573.43 1340.31 1.02 
24 1573.43 1336.16 1.04 
PPA/P2O5 
1 1573.42 1340.31 0.81 
2 1573.42 1340.31 0.81 
4 1573.42 1340.31 0.85 
12 1573.42 1340.31 0.85 
24 1573.42 1340.31 0.90 
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3.2 HOPG in Acid 
 
3.2.1 Acid treatments of HOPG 
 
As already mentioned, HOPG is treated by H2SO4/HNO3. To verify the how much damage has been 
done to the HOPG surface, we performed Raman, XPS and TEM. Pristine HOPG has few defects 
from Raman spectrum (Figure. 13a), which indicated no D-band peak and strong G-band peak at 1581 
cm-1 with ID/IG = 0.01. From the XPS study pristine HOPG contains only 1.16% of oxygen (Fig.13b, 
13c), which is believed to be physically adsorbed oxygen and moisture on the surface of graphite 51.  
The TEM images show clear stacking of layer (Figure. 13e) and the interlayer distance of cross 
sectional HOPG is regularly 0.33nm, which is very similar to the literature value 65. Scheme 2 shows 
an illustration of oxidation process corresponding to treatment time. Chemical oxidation causes 
damages to a certain level and increasing interlayer distance with respect to treatment time.
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Scheme 2. The molding process in polyethylene and reaction with sulfuric acid and nitric acid. 
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Scheme 3. Illustration of oxidation procedure with respect to treatment time.    
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Figure 13. Characterization of pristine HOPG. (a) Micro-Raman spectrum; (b) XPS spectrum; 
(c) C 1s peak and (d) O 1s peak; (e) Cross sectional TEM image and interlayer distance (Inset). 
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3.2.2 Oxygen concentration 
 
Acid treatment adds a significant amount of oxygen functional groups and structural defects at the 
edges and on the basal plane of HOPG. The XPS spectra confirmed the increase of oxidation level 
with respect to time. Increase in the quantity of oxygen amount can be clearly observed by comparing 
the survey spectra of different samples (Figure. 14a, Table 4). The expended O1s peaks show increase 
in the oxygen quantity in different samples with respect to time. O1s peak after one day (Figure. 14b) 
indicates handsome amount (XPS = 13.58%, EDX = 10.08%) of –C=O, -COOH and -C-OH groups 
and S2p (5.17%) created on the surface. After two days of acid treatment the oxygen content (XPS = 
17.10%, EDX = 12.89%) increases a little bit more showing the same functional groups (Figure. 14c) 
with almost the same ratio and the S2p content increased to 6.33%. HOPG in acid after three days of 
reaction shows more oxygen functionalities (XPS = 17.81%, EDX = 13.36%) and S2p (XPS = 8.41%) 
as expected from the continuous oxidation in the acid mixture. The deconvoluted O1s spectrum show 
large amount of –C=O, -COOH and –C-OH groups (Figure. 14d). The ratio of oxygen functional 
groups is same compared with the samples after 1day and 2day. The oxygen functionalities becomes 
more prominent after 4 days of acid oxidation (XPS = 25.04%, EDX = 20.94%), with the increased 
level of oxygen content. The sulfur content (XPS = 8.07) remained same as after 3 days of treatment. 
After XPS analysis it can be concluded that after 1, 2, 3 and 4 days of acid treatment there is 
significant amount of oxygen functional group addition occurs with small amount of S2p and N1s 
from -SO3 and -NO2, -NO groups attachment. Nitrogen content reaches up to 3.06%, which must be 
related to nitration via the electrophilic substitution reaction between sp2C-H and NO2
+ generated in 
the HNO3/H2SO4 mixture. After 4 days of acid mixture treatment shows equal amount of -COOH and 
-C-OH groups in contrast to 1, 2 and 3 days acid reaction where -C-OH group is more than the -
COOH group. The binding energies for C1s, O1s and C/O ratios are shown in the Table 5. 
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Figure 14. XPS spectra of oxidized HOPG (a) full spectra; O 1s peaks (b) 1 day; (c) 2 day; (d) 3 
day; (e) 4 day.  
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Table 4. Extent of element contents by XPS and SEM-EDX. 
XPS 
Treating Time Element At. % 
EDX 
Treating Time Element At. % 
1day 
C 1s 79.36 
1day 
C 89.92 
O 1s 13.58 
N 1s 1.89 
O 10.08 S 2p 5.17 
2day 
C 1s 74.51 
O 1s 17.10 
2day 
C 87.11 
N 1s 2.06 
S 2p 6.33 O 12.89 
3day 
C 1s 70.91 
3day 
C 86.64 
O 1s 17.81 
N 1s 2.87 
O 13.36 S 2p 8.41 
4day 
C 1s 62.78 
O 1s 25.04 
4day 
C 79.06 
N 1s 3.06 
S 2p 8.07 O 20.94 
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Table 5. Binding energy (eV) for C 1s and O 1s and C/O ratios. 
Treating Time C 1s O 1s C/O 
Pristine HOPG 284.3eV 
531.8eV 
85.21  
532.8eV 
1day 
284.4eV 531.6eV 
5.84  285.7eV 532.5eV 
289.0eV 533.6eV 
2day 
284.4eV 531.7eV 
4.36  285.8eV 532.6eV 
289.0eV 533.8eV 
3day 
284.5eV 531.6eV 
3.98  285.8eV 532.6eV 
289.0eV 533.7eV 
4day 
284.4eV 531.8eV 
2.51  285.8eV 532.5eV 
289.0eV 533.5eV 
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3.3.3 Morphology and damage degree of HOPG 
 
After the experiment all samples were studied by HR-TEM. The cross sectionally cut TEM samples 
were prepared by FIB techniques. The TEM technique was utilized to study the damage to the top 
surface in comparison with the pristine HOPG. After acid treatment the surface of the HOPG becomes 
amorphous due to high functionalization at the edges and on the basal plane as well. From the 
amorphous region we can assess the acid oxidation damage. After 1day, the depth of amorphous area 
is about 13.6 nm (Figure. 15a), which implies that after 24 hours of acid treatment damage reaches up 
to 39 layers of graphene. Treatment of HOPG with acid after 48 hours increases the depth of damage 
layers increases up to 18.15 nm (Figure. 15b). After 3 and 4days the amorphous region depth is about 
27.85 nm and 37.59 nm respectively (Figure. 15c, 15d). After 1 day the increase in the damage depth 
is quite gradual. The TEM images indicate that the more you expose the surface to the acid, the acid 
keeps on penetration through the layers damaging the graphitic surface. The acid treatment not only 
damages the conjugation network of the graphite but also adds oxygen containing functional groups. 
This process creates vacancies in the conjugated network and limits some of the properties of 
graphene. Raman spectroscopy is the most powerful and non-destructive technique to characterize 
graphitic structure and quality of the layered structure 66, especially to determine the defects, the 
ordered and disorder structures, and the layer of graphene. In this regard, the Raman spectra of the N-
doped graphene were collected by micro-Raman spectroscopy at excitation wavelength of 532 nm 
under ambient conditions. The G-band is connected to the E2g vibration mode of sp
2 carbon domains 
can be used to show the degree of graphitization, while the D-band is associated with structural 
defects and partially disordered structures of the sp2 domains 67. Table 3 is showing Raman D and G-
band values of acid tempered HOPG. In the pristine HOPG there is no D-band (ID/IG = 0.01) and very 
sharp G-band but after treating with acid mixture the D-band starts to appear. After 24 hours of 
reaction a very tiny D-band (ID/IG 0.0085) (Figure. 16a, Table 6) appears at 1348.69 cm
-1 and keeps on 
increasing with the increase in the time of treatment.  After 4 days of reaction the intensity of D-band 
becomes higher than the G-band with ID/IG 1.05. The ID/IG ratio is clear evidence of the damage with 
respect to treatment time, which is almost zero for pristine HOPG. The G-band position is fixed at 
1581.7 cm-1 and the D-band is shifted with the increase time of treatment, 1348.6, 1352.8, 1361.1 and 
1361.1 cm-1 for 1, 2, 3, and 4 day respectively. The 2D-band (Figure. 16b) is the most important 
feature in the Raman spectrum of the graphite, related with the number of layers and crystallinity. The 
intensity of the 2D-band is decreases with the increase in the treatment time, showing decreased 
crystallinity of the top layers. 
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Figure 15. TEM images of HNO3/H2SO4 treated samples. (a) after 1day; (b) 2day; (c) 3day; (d) 
4day. 
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Figure 16. (a) Normalized raman spectra of oxidized HOPG. Inset is ID/IG vs. treating time; (b) 
2D band with respect to treatment time. 
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Table 6. Raman G and D values of acid-treated HOPG 
Treatment time G (cm-1) D (cm-1) ID/IG ratio 
Pristine HOPG 1581.02 1356.28 0.01 
1day 1581.73 1348.70 0.09 
2day 1581.73 1352.84 0.33 
3day 1581.73 1361.13 0.46 
4day 1585.76 1361.13 1.05 
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IV. Conclusions 
 
In the first study, five acidic media, which are often used for the purification and functionalization of 
MWCNT, were evaluated in terms of their acid strengths and oxidative natures. Combined results 
from various characterization techniques, such as EA, TGA, FT-IR, Raman, XPS, XRD, SEM, and 
TEM, clearly suggested that possible oxidative damage and thus functionalization of MWCNT are not 
related to acid strength but rather are related to acid nature. For example, CF3SO3H (pKa = -15), 
which is the strongest acid among the tested acids, does not damage the MWCNT framework up to 24 
h treatment at the given conditions. On the other hand, the HNO3 (pKa = -1.5)/H2SO4 (pKa = -3.0) 
mixture is the most corrosive acid, because of the oxidative nature of HNO3. Other acids such as 
H2SO4, PPA, and PPA/P2O5 are safe enough for the purification and functionalization of MWCNT in 
the media for 24 h at the tested conditions. The results described in this work could provide general 
guidelines for the purification and functionalization of MWCNT in various acidic media. Furthermore, 
the results could be extended to the purification and functionalization of graphite and graphene to 
preserve its outstanding properties. In case of graphite study, the surface damage of HOPG with 
respect to time of treatment was studied. To confirm the functionalization and number of layers 
damaged in the acid mixture various characterization techniques were used. It is possible that graphite 
is functionalized not only at the edges but also on the basal plan directly. TEM and XPS were used to 
study the depth of damage and to affirm the addition of different functional groups to the HOPG 
surface created by acid treatment.  Raman spectroscopy was used to check the crystallinity of the 
acid treated HOPG, which clearly demonstrates the damage created on the top surface with gradual 
increase in depth with the increase in the treatment time. From this work we can get rough idea of the 
treatment time for our specific requirement. 
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Appendix 
 
 
Fig. S1. TGA thermograms obtained with ramping rate of 10 °C/min in air; (a) TFMSA-treated 
MWCNT; (b) H2SO4-treated MWCNT; (c) HNO3/H2SO4-treated MWCNT; (d) PPA-treated 
MWCNT; (e) PPA/P2O5-treated MWCNT.
５２ 
 
  
Fig. S2. High resolution XPS C 1s spectra of CF3SO3H-treated MWCNTs: (a) 1h; (b) 2h; (c) 4h; 
(d) 12h; (e) 24h. 
５３ 
 
 
Fig. S3. High resolution XPS O 1s spectra of CF3SO3H-treated MWCNTs: (a) 2h; (b) 4h; (c) 
12h; (d) 24h. 
５４ 
 
 
Fig. S4. High resolution XPS C 1s spectra of HNO3/H2SO4-treated MWCNTs: (a) 1h; (b) 2h; (c) 
4h; (d) 12h; (e) 24h. 
５５ 
 
 
Fig. S5. High resolution XPS O 1s spectra of HNO3/H2SO4-treated MWCNTs: (a) 1h; (b) 2h; (c) 
4h; (d) 12h; (e) 24h.  
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Nitric acid (HNO3) 
 
1. Acid-base properties. Nitric acid is normally considered to be a strong acid at ambient 
temperatures. This means that the nitric acid in solution is fully dissociated except in extremely acidic 
solutions. Nitric acid can act as a base with respect to an acid such as sulfuric acid. 
 
HNO3 + 2H2SO4 → NO2
+ + H3O
+ + 2HSO4
–; K ~ 22     (1) 
 
The nitronium ion, NO2
+, is the active reagent in aromatic nitration reactions. Since nitric acid has 
both acidic and basic properties it can undergo an autoprotolysis reaction, similar to the self-ionization 
of water 
 
2HNO3 → NO2
+ + NO3
– + H2O       (2) 
 
2. Oxidizing properties. Nitric acid is a strong oxidizing agent as shown by its large positive 
reduction potential (E0
r). 
 
NO3
- + 2 H+ + e- → NO2 + H2O,     E0
r = 0.79 V     (3) 
 
NO3
- + 4 H+ + 3e- → NO + 2 H2O,     E0
r = 0.96 V     (4) 
 
Being a powerful oxidizing agent, nitric acid reacts violently with many non-metallic compounds and 
the reactions may be explosive. Depending on the acid concentration, temperature and the reducing 
agent involved, the end products can be variable. Reaction takes place with all metals except the noble 
metals series and certain alloys. As a general rule, oxidizing reactions occur primarily with the 
concentrated acid, favoring the formation of nitrogen dioxide (NO2). 
 
3.  Reactions with carbon. Being a powerful oxidizing acid, nitric acid reacts violently with many 
organic materials and the reactions may be explosive. Reaction with carbon element usually oxidizes 
them to their highest oxidation states as acids with the formation of nitrogen dioxide for concentrated 
HNO3 and nitric oxide for dilute HNO3. 
 
C + 4 HNO3 → CO2 + 4 NO2 + 2 H2O      (5) 
or 
５７ 
 
3 C + 4 HNO3 → 3 CO2 + 4 NO + 2 H2O      (6)
５８ 
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